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ABSTRACT: The proliferation of electromagnetic spectrum
applications and increasing integration density of electronic
devices have intensified electromagnetic pollution, driving
demand for advanced electromagnetic interference (EMI)
shielding materials. While conductive polymer composites
present promising alternatives to traditional metals, attaining
both  exceptional EMI shielding performance and
environmental sustainability remains challenging. Here, we
adopt controlled mild alkaline hydrolysis to precisely engineer
the surface roughness and hydrophilicity of polylactic acid
(PLA) fibers, generating optimal substrates for subsequent
electroless silver (Ag) deposition. The resulting Ag/PLA
conductive fibers are structured into flexible films through
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vacuum filtration and hot-pressing. These films demonstrate remarkable electrical conductivity of 102,270 S/m, attributed to
the continuous Ag coating and three-dimensional fibrous conductive network. Despite a thickness of merely 66 um, the
Ag/PLA films exhibit an ultra-high EMI shielding effectiveness (EMI SE) of 101.0 dB and a specific shielding effectiveness of
9749.4 dB-cm?g. Notably, the films maintain military-grade EMI shielding performance (> 90 dB) after thermal cycling
across a ~ 300 °C temperature range and 5000 bending cycles, confirming superior durability and mechanical flexibility. By
synergistically coupling biodegradable PLA with recoverable Ag, this work simultaneously achieves outstanding EMI
shielding performance and environmental sustainability, providing valuable insights for developing next-generation green

EMI protection materials.

KEYWORDS: electromagnetic interference (EMI) shielding, polylactic acid (PLA), surface functionalization, electroless

silver plating

1 Introduction

Electromagnetic interference (EMI) presents a critical challenge in
modern electronics, threatening both human health and device
reliability [1-3]. The development of high-performance EMI
shielding materials has thus become imperative [4, 5]. Emerging
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applications in wearable and flexible electronics demand materials
that integrate lightweight construction, minimal thickness, and
superior EMI shielding effectiveness (EMI SE) [6-8]. While
conventional bulk metals suffer from excessive weight, inherent
brittleness, and corrosion susceptibility, conductive polymer
composites (CPCs) offer compelling advantages through their low
density, tailorable properties, and excellent processability [9-11].
Incorporating conductive fillers into flexible polymer matrices
remains the predominant strategy for fabricating CPCs [12-14].
According to percolation theory and Schelkunoff theory, achieving
effective EMI shielding requires either high filler loadings or
efficient conductive networks [15, 16]. For example, Zhao et al.
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developed carbon nanotube (CNT)/polyurethane composites that
exhibited an EMI SE of 59.74 dB at a high CNT loading of 80 wt.%
[17]. However, such elevated filler concentrations inevitably
compromise the mechanical flexibility of the resulting composites,
limiting their practical applications [18—20]. Surface deposition of
continuous conductive coatings on flexible polymer substrates
offers a promising alternative, delivering outstanding EMI shielding
performance while largely preserving the intrinsic mechanical
properties of the substrates [21-23]. Among various deposition
techniques, electroless plating provides distinct advantages,
including uniform coverage of complex geometries and
straightforward processing procedures [24-26]. Silver (Ag), with its
unparalleled electrical conductivity (6.3 x 10’ S/m) and remarkable
chemical stability, represents an ideal coating material for achieving
ultra-high EMI SE (> 90 dB) [27-29]. Li et al. fabricated continuous
Ag nanoparticle (AgNP) coatings on commercial nylon mesh
surfaces via electroless plating, demonstrating notable EMI
shielding performance (91.6 dB) with sustained mechanical
flexibility (80 dB retention after 5000 bending cycles) [30].
Nevertheless, the surface hydrophobicity and chemical inertness of
most polymer substrates present significant challenges for direct Ag
deposition and robust interfacial adhesion, thereby necessitating
appropriate surface pretreatment strategies [31-33].

Concentrated strong acid/base etching (> 2 M) constitutes the
most widely adopted surface pretreatment method for enhancing
polymer surface roughness and facilitating electroless Ag plating
[34, 35]. For instance, Tang et al. successfully deposited AgNPs on
polyimide (PI) nonwoven fabrics following treatment with 2.8 M
sodium hydroxide solution, attaining an EMI SE of 67.5 dB at
60 pum thickness [36]. Although novel approaches such as plasma
treatment and coupling agent modification have been explored,
their practical implementation remains limited by poor stability and
operational complexity [37-39]. Consequently, developing mild yet
effective surface pretreatment strategies for polymer surfaces
emerges as an urgent challenge.

Polylactic acid (PLA), a representative biopolymer, has been
extensively investigated for its favorable biocompatibility and
mechanical properties comparable to those of conventional plastics
[40—42]. The unique chemical structure of PLA enables controllable
surface modification via hydrolysis under mild alkaline conditions
[43, 44]. Yang et al. demonstrated this approach by treating PLA
films with 0.25 M NaOH/ethanol solution at room temperature for
52 h, resulting in a dramatic reduction in water contact angle from
78.0° to 12.6° [45]. This treatment substantially enhanced surface
hydrophilicity and roughness while avoiding severe bulk
degradation. Moreover, PLA completely breaks down within days
to months under enzymatic or composting conditions [46, 47]. The
synergistic combination of inherent biodegradability and tunable
surface functionalization positions PLA as an ideal substrate for
developing high-performance and sustainable EMI shielding
materials.

In this work, we employed a mild alkaline pretreatment strategy
that exploits the hydrolytic susceptibility of PLA to achieve effective
surface hydrophilization and roughening of PLA fibers. Ag-coated
PLA fibers (Ag/PLA fibers) were prepared through electroless
plating, then processed via vacuum filtration and hot pressing to
fabricate flexible Ag/PLA composite films. The continuous and
dense AgNP layer on the fiber surface, coupled with the three-
dimensional interwoven fibrous network architecture, yielded
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exceptional EMI SE of 101.0 dB and impressive specific shielding
effectiveness (SSE/f) of 97494 dB-cm’/g. The composite films
exhibited excellent environmental stability and mechanical
flexibility, maintaining superior EMI SE (> 90 dB) under extreme
temperatures, corrosive conditions, and mechanical deformation.
By integrating biodegradable PLA with highly conductive Ag, this
work demonstrates a synergistic approach that combines high
performance with environmental sustainability, providing a scalable
pathway toward next-generation green EMI shielding materials.

2 Experimental

2.1 Materials

PLA fibers, with an average linear density of 1.7 dtex and a length
of 5 mm, were supplied by Advansa GmbH (Germany). All other
chemical reagents were analytical grade, purchased from Chengdu
Kelong Chemical Co., Ltd. (China), and used as received. These
reagents included sodium hydroxide (NaOH), methanol (MeOH),
ethanol (EtOH), hydrochloric acid (HCl), stannous chloride
dihydrate (SnCl,-2H,0), silver nitrate (AgNOs), ammonia solution
(NH;-H,0), and anhydrous glucose (C;H,Og). Deionized water
was produced by an ultrapure water system.

2.2 Preparation of Ag/PLA films

To enhance the hydrophilicity and surface roughness of PLA fibers,
an alkaline pretreatment was performed. Specifically, the PLA fibers
were immersed in a MeOH/water solution (2:1 v/v) containing
0.025 M NaOH and stirred continuously at 400 rpm for various
durations. After treatment, the fibers were collected by vacuum
filtration, rinsed thoroughly with deionized water, and dried at
60 °Cfor 24 h.

For electroless Ag plating, the alkali-treated PLA fibers were first
sensitized in an acidified SnCl, solution (10 g/L) for 30 min.
Subsequently, the sensitized fibers were immersed in a fresh silver-
ammonia complex solution, which was prepared by adding
NH;-H,O dropwise to an AgNO; solution (4 g/L) until complete
dissolution of the initially formed precipitate. Excess glucose
solution was then introduced as the reducing agent to initiate AgNP
deposition on the fiber surfaces. After 3 h reaction at room
temperature, silver-coated PLA fibers (designated as Ag/PLA fibers)
were obtained. Finally, the Ag/PLA fibers were dispersed in EtOH
via vortex mixing (2500 rpm, 10 min), followed by vacuum filtration
and hot pressing (120 °C, 10 MPa) to fabricate the Ag/PLA films.

By controlling the alkaline pretreatment time (0, 12, 24, and
36 h), PLA fibers with varying surface roughness were fabricated.
To optimize the balance between film thickness and EMI shielding
performance, different amounts of Ag/PLA fibers (0.05, 0.1, 0.15,
and 0.2 g) were employed. The alkali-treated fibers and their
corresponding films are designated as PLA-x and Ag/PLA-x,
respectively, where x represents the alkaline pretreatment time in
hours. Unless otherwise specified, all samples were prepared using
0.2 g of Ag/PLA fibers subjected to 36 h surface treatment.

2.3 Characterization

The microstructures of the PLA and Ag/PLA fibers were examined
using a field emission scanning electron microscope (FESEM, Nova
Nano SEM 450, FEL, USA). Prior to observation, all specimens were
sputter-coated with a thin layer of platinum to improve imaging
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quality. Fiber diameters were quantified from SEM images using
Image] software. Crystal structure was analyzed via X-ray
diffraction (XRD, Rigaku Ultima IV, Japan) employing Cu Ka
radiation (A = 1.5406 A) over a scanning range of 5°~70° with a step
size of 0.02°. Surface wettability was assessed through water contact
angle (WCA) on a drop shape analyzer (DSA25, Kriiss, Germany).
X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo
Scientific, USA) with an Al Ka X-ray source (1486.6 eV) was
conducted to determine surface chemical composition and
oxidation states. To correct for shifts induced by charge effects, all
binding energies were referenced to the C 1s peak at 284.8 eV of
surface adventitious carbon. Thermal stability was evaluated by
thermogravimetric analysis (TGA, TG 209 F1, NETZSCH,
Germany), with samples heated from 30 to 800 °C at a rate of
10 °C/min under nitrogen atmosphere.

The electrical conductivity of the Ag/PLA films was measured
using a four-point probe system (RTS-8, Guangzhou Four-Point
Probe Technology Co., Ltd., China). A minimum of five specimens
per sample group were tested to ensure statistical reliability. The
EMI shielding performance of the films was investigated in the X
band (8.2-124 GHz) using a vector network analyzer (VNA,
N5247A, Agilent, USA) equipped with an APC-7 coaxial
connector. For this characterization, specimens with a diameter of
13 mm were prepared. The scattering parameters (S-parameters)
obtained from the VNA were subsequently utilized to calculate the
power coefficients (R, A, and T) and EMI SE values according to
the following equations (Eqs. (1)-(6))

R=|S,[ (1)

T=18,[ (2)

A+R+T=1 3)

SEg = 10lg (L> (4)
1-R

SE, — 10Ig (#) 5)

SE; = SEg -+ SE, + SE,, (6)

where R, A, and T denote the reflectance, absorptance, and
transmittance ~ of  electromagnetic = waves,  respectively.
Correspondingly, SE; and SE, represent the SE attributed to
reflection and absorption, respectively. When the total SE (SEy)
exceeds 15 dB, the contribution from multiple reflections (SE,;) can
be considered negligible [48].

Furthermore, the specific shielding effectiveness parameters (SE/¢
and SSE/f), which account for the thickness and density of
materials, represent critical metrics for evaluating EMI shielding
performance. They are defined as follows (Egs. (7) and (8))

EMI SE
SE/t= thickness @)
SSE/t = EMI SE ®)

density x thickness
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3 Results and discussion

3.1 Surface functionalization and electroless Ag plating of
PLA fibers

Figure 1(a) schematically illustrates the fabrication process of
Ag/PLA fibers, comprising alkaline pretreatment of PLA fibers and
subsequent electroless Ag plating. Since the inherently smooth and
hydrophobic surface of PLA fibers impedes AgNP deposition,
surface treatment prior to electroless plating is essential. The digital
photographs reveal the successful transformation from treated PLA
fibers (Fig. 1(b)) to Ag/PLA composite fibers with characteristic
metallic luster (Fig. 1(c)) after Ag plating.

To elucidate the microstructural evolution induced by alkaline
pretreatment, the surface morphology of PLA fibers was examined
subjected to various treatment durations (Figs. 1(d)-1(g)). While
pristine PLA fibers exhibited smooth and flat surfaces, prolonged
alkaline exposure resulted in progressive surface roughening,
characterized by increasingly dense and pronounced groove
structures (Fig. S1 in the Electronic Supplementary Material
(ESM)). Furthermore, statistical analysis of fiber diameter
distributions (Fig. S2 in the ESM) demonstrated a systematic
reduction correlating with treatment time (Figs. 1(h)-1(k)). This
dimensional change can be attributed to the layer-by-layer surface
erosion in the low-concentration alkaline solution. The effect was
particularly pronounced after 36 h of treatment, with the average
fiber diameter decreasing from 14.4 to 6.9 pm.

As depicted in Fig. 2(a), the diffraction peak at 16.8°,
corresponding to the (110) crystal plane of PLA, intensifies
significantly with prolonged treatment time. Quantitative analysis
corroborates this trend, indicating that the crystallinity of the PLA
fibers rises from 40.0% to 61.1% after 36 h treatment (Fig. 2(b)).
This evolution can be attributed to the preferential alkaline etching
of amorphous regions and defective crystalline domains within the
semi-crystalline PLA, which effectively increases the crystalline
phase fraction.

Moreover, the alkaline pretreatment process hydrolyzes the ester
bonds (-COO-) on the PLA surface, introducing hydrophilic
carboxyl (-COOH) and hydroxyl (-OH) groups. To visualize the
resulting change in wettability, PLA fibers subjected to different
treatment durations were dispersed in water (Fig. 2(c)). The
untreated (PLA-0) and briefly treated (PLA-12) fibers exhibited
pronounced agglomeration and could not be uniformly dispersed.
Extending the treatment to 24 h improved dispersion, although
slight sedimentation persisted. Notably, the fibers treated for 36 h
formed a homogeneous and stable aqueous dispersion, revealing
progressive  surface hydrophilization. Water contact angle
measurements were performed to quantify fiber hydrophilicity
(Figs. 2(d) and 2(e)). The pristine PLA fibers demonstrated distinct
hydrophobicity with an initial contact angle of 136.0°. As treatment
time increased, the water contact angle declined monotonically,
reaching 99.2° after 36 h treatment, which approached the
hydrophilicity threshold of 90°. Interestingly, within 5 s of droplet
deposition on the PLA-36 sample, the contact angle fell to 86.3°,
transitioning the surface from hydrophobic to hydrophilic. Upon
sustained contact, the angle further decreased to 73.2°. This
substantial enhancement in hydrophilicity results from the
synergistic effects of increased surface roughness and enriched
hydrophilic functional groups on the highly crystalline PLA
fiber surfaces.

Nano Research, 2026, 19, 94908333
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Figure1 Preparation of Ag/PLA fibers and morphological evolution of PLA fibers under alkaline pretreatment. (a) Schematic illustration of the Ag/PLA fiber fabrication
process. Digital photographs of (b) PLA fibers and (c) Ag/PLA fibers. SEM images of PLA fibers after alkaline pretreatment for (d) 0, () 12, (f) 24, and (g) 36 h.
Corresponding diameter distributions of PLA fibers treated for (h) 0, (i) 12, (j) 24, and (k) 36 h.

To investigate the mechanism underlying the improved
hydrophilicity, XPS was employed to characterize the surface
chemical composition of representative PLA-0 and PLA-36 fibers.
The survey spectra (Fig. 2(f)) exhibited characteristic C 1s and O 1s
peaks typical of PLA in both samples. Detailed analysis (Fig. S3 in
the ESM) demonstrated that alkaline pretreatment increased the
surface oxygen atomic percentage from 33.3% to 36.8%, suggesting
the formation of additional oxygen-containing functional groups.
High-resolution C 1s spectra of original PLA fibers (Fig. 2(g))
displayed three peaks at 284.8, 287.0, and 289.0 eV, associated with
C-C, C-0O, and C=0O bonds, respectively. Following alkaline
pretreatment (Fig. 2(h)), the intensities of C-O and C=O peaks
were significantly enhanced. Quantitative deconvolution of the C 1s
spectra (Fig. 2(i)) confirmed the increased relative content of these
oxygen-containing functional groups, which is consistent with the
proposed mechanism of base-catalyzed ester hydrolysis generating
carboxyl and hydroxyl groups on the fiber surface.

The influence of alkaline pretreatment duration on subsequent
electroless Ag plating was systematically evaluated via
morphological characterization of Ag/PLA fiber surfaces
(Figs. 3(a)-3(d)). Insufficient pretreatment (0 and 12 h) resulted in
sparse and discontinuous AgNP deposition, failing to establish an
interconnected conductive network. Extending pretreatment to
24 h substantially improved surface coverage, though minor defects
persisted. Complete and uniform AgNP coating was achieved only
after 36 h pretreatment (Fig. S4 in the ESM). EDS elemental
mapping corroborated these observations, demonstrating a
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progressive increase in surface AgNP content with prolonged
pretreatment duration.

To elucidate the chemical composition and oxidation state of Ag
in the optimal Ag/PLA-36 fibers, XPS analysis was performed
(Figs. 3(e)-3(1)). The survey spectrum revealed distinct peaks for C
Is, O 1s, and Ag 3d, confirming successful AgNP incorporation.
Deconvolution of the high-resolution C 1s spectrum yielded three
components at 284.8 (C-C), 286.9 (C-0O), and 288.9 eV (C=0),
consistent with the PLA molecular structure. The O 1s spectrum
exhibited corresponding peaks at 532.2 (C=0) and 533.6 eV (C-O).
Notably, the Ag 3d spectrum displayed characteristic spin-orbit
splitting with doublet peaks at 368.3 (Ag 3ds;,) and 374.3 eV (Ag
3ds;,), accompanied by distinct energy loss features typical of
metallic Ag. To definitively rule out the presence of oxidized Ag
species, the Ag MNN Auger spectrum was analyzed. The calculated
modified Auger parameter («') of 726.0 eV (Eq. (S1) and Table S1
in the ESM) closely matched the reference value for metallic Ag
(~ 726.1 eV), confirming that the AgNPs maintained their metallic
state without oxidation.

XRD measurements (Fig. 3(j)) were employed to identify the
phase composition of Ag/PLA fibers. The diffraction patterns of
Ag/PLA fibers showed four peaks at 16.7°, 38.4°, 44.7°, and 65.0°
assigned to the (110) crystal plane of PLA and the (111), (200), and
(220) crystal planes of AgNPs, respectively. As pretreatment
duration increased, the PLA diffraction peak gradually diminished
while the characteristic AgNP peaks intensified markedly,
suggesting enhanced AgNP incorporation within the composite
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Figure2 Effects of alkaline pretreatment on the physicochemical properties of PLA fibers. (a) XRD patterns and (b) derived crystallinity of PLA-x fibers. (c) Digital
photographs of aqueous dispersions of PLA-x fibers. (d) Water contact angles of PLA fibers after different pretreatment durations (0, 12, 24, and 36 h), with insets
displaying instantaneous contact angle measurements for each sample. (e) Dynamic water contact angle measurements of PLA-36 fibers at 0, 5, 10, and 300 s after droplet
deposition. (f) XPS survey spectra of PLA-0 and PLA-36 fibers. High-resolution C 1s spectra of (g) PLA-0 and (h) PLA-36 fibers. (i) Relative contents of surface functional

groups (C-C, C=0, and C-0O) on PLA fibers before and after alkaline pretreatment.

fibers. To quantify the AgNP loading, TGA was conducted
(Figs. 3(k) and 3(1)). Leveraging the differential thermal degradation
behaviors of PLA and Ag, the AgNP content was determined using
Egs. S2-S4 in the ESM (detailed in Table S2 in the ESM). The
results revealed that extending the treatment time from 0 to 36 h
elevated the AgNP content in Ag/PLA fibers from 1.0 vol% to
9.1 vol.%, with corresponding density rising from 1.3 to 2.1 g/cm’.
Thus, alkaline pretreatment presents an effective strategy for
promoting the deposition of AgNPs onto PLA fiber surfaces.

3.2 Electrical and EMI shielding performance of Ag/PLA
films
Structuring Ag/PLA fibers into film structures enhances their
effectiveness in electrical conductivity and EMI shielding
applications. Compared to one-dimensional fibrous structures, two-
dimensional films offer significant benefits, including increased
effective contact areas and simplified device integration, which
greatly expand their practical utility.

The fabrication process of Ag/PLA films is schematically
illustrated in Fig. 4(a). The as-prepared Ag/PLA fibers were initially
dispersed in EtOH to form a homogeneous suspension, followed by
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vacuum filtration to induce fiber self-assembly into a free-standing
membrane. Subsequently, dense Ag/PLA composite films were
obtained via hot-pressing at 120 °C. Notably, the resulting films
demonstrated excellent flexibility (Figs. 4(b) and 4(c)), enabling
facile transformation into complex three-dimensional architectures
such as origami boats and thereby providing a promising platform
for flexible electronic applications.

The electrical conductivity of Ag/PLA films (Fig. 4(d)) exhibited
a strong positive correlation with the structural integrity of the
conductive AgNP layer. The untreated Ag/PLA-0 film displayed a
minimal electrical conductivity of 0.0348 S/m, which was attributed
to limited AgNP growth on the smooth and hydrophobic surface of
pristine PLA fibers. Following pretreatment of 12 and 24 h, the
increased surface roughness and hydrophilicity facilitated more
effective loading of AgNPs, elevating the electrical conductivity to
650 and 16,520 S/m, respectively. The Ag/PLA-36 film, featuring a
dense and continuous AgNP coating on the fiber surface, achieved
an electrical conductivity of 102,270 S/m, which was six orders of
magnitude higher than the untreated sample.

Furthermore, to demonstrate the practical application potential
of Ag/PLA films, a flexible circuit system was constructed (Fig. 4(e)
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Figure3 Morphology and chemical composition of Ag/PLA fibers. SEM images and corresponding EDS elemental mapping of Ag/PLA fibers fabricated with alkaline
pretreatment for (a) 0, (b) 12, (c) 24, and (d) 36 h. (e) XPS survey spectrum of Ag/PLA-36 fibers. High-resolution XPS spectra of (f) C s, (g) O 1s, and (h) Ag 3d regions.
(i) Ag MNN Auger spectrum of Ag/PLA-36 fibers. (j) XRD patterns of Ag/PLA-x fibers. (k) TGA curves of pristine PLA and Ag/PLA-x fibers. (I) Calculated AgNP
content and composite fiber density as a function of alkaline pretreatment duration.
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Figure4 Fabrication, electrical properties, and EMI shielding performance of Ag/PLA films. (a) Schematic illustration of the Ag/PLA film fabrication process. (b)
Macroscopic morphology and (c) flexibility demonstration of the Ag/PLA films. (d) Electrical conductivity of Ag/PLA-x films. (e) Schematic representation of flexible

circuits constructed with Ag/PLA films. Digital photographs demonstrating the electrical conductivity of Ag/PLA films, (f) before and (g) after mechanical bending. (h)
EMI SE of Ag/PLA-x films in the X-band. (i) Contributions of SE; and SE, to the total EMI SE.
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and Fig. S5(a) in the ESM). When supplied with direct current, the during dynamic deformations validates the structural integrity and
highly conductive Ag/PLA films successfully illuminated three LED robustness of the conductive network within the Ag/PLA films,
arrays. Remarkably, the LED brightness remained virtually highlighting their suitability for applications demanding mechanical
unchanged under various mechanical deformations, including flexibility, such as flexible displays and wearable electronics.

bending, folding, and their combinations (Figs. 4(f) and 4(g), and High electrical conductivity is essential for achieving superior
Figs. S5(b)-5(c) in the ESM). This consistent electrical performance EMI shielding performance. The average EMI SE of Ag/PLA films
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in the X-band (8.2-124 GHz) increased significantly with
prolonged alkaline pretreatment duration (Fig. 4(h)), which aligned
with the observed electrical conductivity trends. The untreated
Ag/PLA-0 film showed negligible shielding capability (1.6 dB)
owing to the absence of an interconnected conductive network.
After 12 h of pretreatment, the composite film exhibited an EMI SE
of 233 dB, exceeding the 20 dB threshold for commercial
applications. Importantly, the Ag/PLA-36 film demonstrated
exceptional shielding performance with an ultra-high EMI SE of
101.0 dB, attenuating over 99.99999999% of incident
electromagnetic waves (EMWs).

To understand the EMI shielding mechanism of Ag/PLA films,
the total shielding effectiveness (SE;) was decomposed into
reflection loss (SEp) and absorption loss (SE,) components
according to Egs. (1)-(3) (Fig. 4(i)). Both SE, and SE; increased
with extended pretreatment time, indicating enhanced EMW
reflection and absorption capabilities. Specifically, SE, rose
substantially from 0.8 (Ag/PLA-0) to 589 dB (Ag/PLA-24),
ultimately reaching 80.8 dB (Ag/PLA-36). Correspondingly, SEx
escalated from 0.8 to 12.4 and 20.2 dB following 24 and 36 h
pretreatment, respectively. Although SE, contributed more to SE;
than SEj across all pretreatment conditions, this observation alone
is insufficient to establish an absorption-dominated EMI shielding
mechanism. Consequently, power coefficients, including reflectance

(@) (b)

(R), absorbance (A), and transmittance (T), were analyzed using
Eqgs. (4)-(6) to determine the primary mechanism (Fig. S6 in the
ESM). As the AgNP coating evolved toward greater continuity and
completeness, R values climbed from 0.16 to 0.99, whereas A values
declined from 0.14 to 0.01. The consistently higher R values relative
to A values across all samples confirmed that reflection constitutes
the dominant EMI shielding mechanism in Ag/PLA films, which
coincides with their high electrical conductivity.

As  next-generation electronic devices advance toward
miniaturization and high integration, achieving effective EMI
shielding with minimal material thickness becomes crucial. To
address this challenge, the Ag/PLA-36 films with controlled
thicknesses were fabricated by precisely adjusting the amount of
composite fibers, and their EMI shielding performance was
investigated (Fig. 5(a)). Impressively, the film with a thickness of
merely 19 pum exhibited an EMI SE of 389 dB, satisfying
conventional protection requirements. With increasing thickness to
35 and 50 pum, the average EMI SE reached 63.1 and 81.8 dB,
respectively. Furthermore, at a thickness of 66 um, the Ag/PLA
films achieved an ultra-high EMI SE of 101.0 dB, demonstrating
superior shielding performance.

To examine the effect of film thickness on the EMI shielding
mechanism, SE, and SE were calculated (Fig. 5(b)). At a thickness
of 19 pum, the film exhibited SE, and SEj, values of 24.0 and 14.9 dB,
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Figure5 Optimization and validation of EMI shielding performance of Ag/PLA films. (a) EMI SE of Ag/PLA-36 films with varying thicknesses. (b) Contributions of SEx
and SE,, to the total EMI SE. (c) Comparison of the EMI shielding performance of Ag/PLA films with recently reported EMI shielding materials. (d) Schematic illustration
of the EMI shielding mechanism in Ag/PLA composite films. (e) Tesla coil experimental setup for shielding visualization. Comparative demonstration of the EMI
shielding capability using neon lamp response for (f) pristine PLA film and (g) Ag/PLA film.
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respectively, indicating comparable contributions. As thickness
increased, SE, showed a dramatic enhancement, reaching 64.7 dB
at 50 pm, whereas SE; rose only marginally to 17.1 dB. This
phenomenon can be attributed to the extended EMW propagation
path within thicker films, which facilitated enhanced absorption. In
contrast, surface reflection was governed primarily by the intrinsic
electrical properties of the material and thus presented minimal
thickness dependence. Interestingly, despite the substantially higher
SE, values, power coefficient analysis (Fig. S7 in the ESM) revealed
that R values remained consistently high (0.97-0.99) across all
thicknesses, while the A values stayed low (0.01-0.03). This
apparent contradiction stems from the sequential nature of the
shielding process, where reflection occurs before absorption,
thereby confirming the reflection-dominant EMI shielding
mechanism.

A systematic comparison with other EMI shielding materials
reported in the past five years revealed the competitive advantages
of the Ag/PLA films. Given the growing demand for lightweight
materials in emerging applications, specific shielding effectiveness
normalized by thickness (SE/t, Eq. (7)) and density (SSE/¢, Eq. (8))
were adopted as primary evaluation metrics (Table S3 in the ESM).
The Ag/PLA films exhibited superior SE/t values of 2047.4 dB/mm,
significantly surpassing most metal-based, carbon-based, and
MXene-based EMI shielding materials (Fig. S8 in the ESM).
Remarkably, despite the inherently high density of Ag, the Ag/PLA
films achieved an exceptional SSE/t of 9749.4 dB-cm’/g while
maintaining an ultra-high EMI SE of 101.0 dB (Fig. 5(c)). This
outstanding comprehensive performance can be attributed to the
synergistic integration of the dense and continuous AgNP layer on
the fiber surface and the three-dimensional interwoven fibrous
architecture, which together establish a highly efficient conductive
network.

Based on the aforementioned analysis, the EMI shielding
mechanism of Ag/PLA films can be clearly understood (Fig. 5(d)).
Upon encountering the film surface, most incident EMWs are
immediately reflected due to the pronounced impedance mismatch
between free space and the highly conductive AgNP layer. The
remaining EMWs that penetrate the film interact with the
conductive fibers, inducing currents that dissipate electromagnetic
energy into thermal energy via ohmic loss. The core-shell architecture
of Ag/PLA composite fibers creates numerous heterogeneous
interfaces between the conductive AgNP coating and the insulating
PLA matrix. At these interfaces, charge accumulation induces
interfacial polarization, thereby enhancing EMW absorption.
Furthermore, the inter-fiber gaps and multiple interfaces within the
three-dimensional conductive network promote multiple internal
reflections and scattering events, providing additional attenuation
of electromagnetic radiation. After these shielding mechanisms,
EMW transmission through the Ag/PLA film is effectively
suppressed, yielding superior EMI shielding performance.

Tesla coils generate high-frequency, high-voltage alternating
electromagnetic fields that can wirelessly illuminate neon lamps,
providing an ideal platform for visualizing the EMI shielding
capability of Ag/PLA films (Fig. 5(e)). When exposed directly to the
electromagnetic field or covered with pristine PLA film, the neon
lamp remained illuminated (Fig. 5(f) and Fig. S9 in the ESM).
However, when shielded with the Ag/PLA composite film
(Fig. 5(g)), the lamp extinguished instantly, vividly revealing the
successful blocking of electromagnetic field penetration. This
demonstration validates the excellent EMI shielding performance of
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Ag/PLA films and underscores their tremendous potential for
protecting sensitive electronic devices from electromagnetic
radiation.

3.3 Durability and sustainability of Ag/PLA films

Beyond their prominent EMI shielding performance, the durability
of Ag/PLA films in practical applications warrants equal
consideration. Novel electronic devices must function reliably
across diverse operational environments, encompassing extreme
temperatures, corrosive atmospheres, and mechanical degradation.
Rigorous assessment of performance stability under such
challenging conditions therefore proves indispensable for their
successful implementation in real-world applications.

Firstly, the EMI shielding performance of Ag/PLA films was
evaluated under extreme temperature conditions. Following
exposure to 100 °C for 1 h, the films exhibited an average EMI SE
of 97.7 dB, corresponding to 96.3% of the initial value (Fig. 6(a)).
Upon cryogenic treatment at liquid nitrogen temperature (—196 °C)
for 1 h, the films demonstrated remarkable stability with an EMI SE
of 98.9 dB, preserving 97.7% of the original performance (Fig. 6(b)).
To analyze thermal cycling stability, the films were subjected to 10
consecutive cycles between 100 and —196 °C, with 1 h dwelling at
each temperature extreme (Fig. 6(c)). Despite this severe thermal
shock spanning approximately 300 °C, the films still maintained an
EMI SE of 92.9 dB (91.4% retention), revealing the exceptional
thermomechanical stability of the Ag/PLA films.

High-salt electrochemical corrosion in coastal areas poses a
significant challenge for electronic equipment. To examine salt
resistance, Ag/PLA films were immersed in a concentrated sodium
chloride solution (100 g/L) for 12 h (Fig. 6(d)). The treated films
achieved an EMI SE of 98.5 dB, showing only a marginal 2.8%
reduction from the initial value. Following 12 months of storage
under ambient conditions (25 °C, 70% RH), the films displayed an
EMI SE of 95.7 dB (Fig. S10 in the ESM), sustaining 94.9% of the
original performance. This excellent durability in both atmospheric
and saline environments can be attributed to the intrinsic chemical
stability of Ag. Furthermore, the strong adhesion between the
AgNP coating and the roughened PLA fiber surface enabled the
films to retain an EMI SE of 90.9 dB even after harsh ultrasonic
treatment for 1 h (Fig. 6(e)), thereby meeting military-grade
specifications (> 90 dB).

Given that flexible EMI shielding materials inevitably undergo
mechanical deformation during service, the mechanical robustness
of Ag/PLA films was evaluated. Following 5000 bending-releasing
cycles (Fig. 6(f)), the films maintained an impressive EMI SE
of 93.6 dB, representing only a 7.7% decrease from initial
performance. This exceptional mechanical stability originated from
the synergistic contribution of the inherent flexibility of the fiber-
interwoven network and the robust interfacial adhesion between
the AgNP layer and the PLA substrate. Moreover, folding tests
(Fig. 6(g)) were performed to validate the durability of Ag/PLA
films under more stringent deformation conditions, manifesting an
EMI SE of 92.0 dB after multiple folding operations, with 91.0%
performance retention. Overall, these results underscore the
considerable promise of Ag/PLA films as robust EMI shielding
materjals for demanding applications in next-generation flexible
electronics.

While pursuing high performance, the environmental
sustainability of EMI shielding materials has gained increasing
attention. Traditional EMI shielding materials, primarily derived

) 742w | Sci@pen
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Figure6 Durability and sustainability assessment of Ag/PLA films. Evolution of EMI SE of Ag/PLA films following (a) high-temperature exposure (100 °C, 1 h), (b)
cryogenic exposure (—196 °C, 1 h), (c) 10 thermal cycles, (d) immersion in concentrated saline solution (12 h), and (e) ultrasonication treatment (1 h). EMI shielding
performance retention of Ag/PLA films after mechanical deformation through (f) 5000 bending-releasing cycles (bending radius: 1.1 mm) and g) multiple folding
operations. (h) Schematic illustration of the closed-loop life cycle for Ag/PLA films. Inset “Recycled PLA” shows a digital photograph of PLA film regenerated via
dissolution-casting strategy. Insets “Recovered Ag” display (from left to right) a digital photograph and SEM-EDS composite image (Ag shown in blue) of recovered Ag

through selective PLA dissolution from the Ag/PLA film.

from petroleum-based polymers, exhibit poor degradability and
impose persistent environmental burdens after disposal. In contrast,
Ag/PLA films demonstrate comprehensive life-cycle sustainability
(Fig. 6(h)). As a bio-based degradable polymer, PLA is sourced
from renewable feedstocks such as corn and sugarcane. Specifically,
lacic acid obtained through fermentation undergoes
polymerization and spinning to produce PLA fibers, which are
subsequently processed into Ag/PLA films using the methodology
developed in this study. Upon reaching their service life or
experiencing unexpected failure, the valuable metal Ag can be fully
recovered through selective dissolution of PLA in dichloromethane
(Fig. S11 in the ESM). The resulting PLA solution can be
reprocessed into films via solvent evaporation, which can then be
either reused or subjected to industrial composting. Under
composting conditions, PLA undergoes complete degradation into
carbon dioxide and water, which serve as nutrients for crop
cultivation, thereby establishing a closed-loop “feedstock-product-
recovery-regeneration” cycle. This cradle-to-cradle design paradigm
not only minimizes resource depletion but also provides a
sustainable framework for future EMI shielding materials.

singhua University Press
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4 Conclusion

In this study, we fabricated Ag/PLA conductive fibers through
alkaline pretreatment followed by electroless Ag plating. The
alkaline pretreatment selectively etched amorphous regions and
defective crystalline domains, significantly enhancing surface
roughness while introducing hydrophilic functional groups
(carboxyl and hydroxyl) through ester bond hydrolysis. These
surface modifications created an optimal substrate for chemical
deposition, ensuring both efficient AgNP loading and robust
interfacial adhesion. The Ag/PLA fibers were subsequently
structured into flexible films via vacuum filtration and hot-pressing,
expanding their potential in EMI shielding applications. Benefiting
from the dense and continuous AgNP layer on the fiber surface and
the three-dimensional interwoven fibrous architecture, the resulting
Ag/PLA films demonstrated exceptional electrical conductivity
(102,270 S/m), ultra-high EMI SE (101.0 dB), and remarkable SSE/¢
(97494 dB-cm’/g). Additionally, the films exhibited excellent
durability and mechanical flexibility, maintaining superior EMI SE
(> 90 dB with > 90% retention) even after 10 thermal cycles
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spanning approximately 300 °C and 5000 bending-releasing cycles.
Notably, this material system combines a biodegradable PLA
matrix with recoverable precious metal Ag, which offers a
sustainable pathway for developing advanced flexible EMI shielding
materials that meet the stringent requirements of next-generation
electronic devices.

Electronic Supplementary Material: Supplementary Material
(pore size distribution, relative elemental content, AgNP content,
power coefficient calculations, comprehensive comparison with
other EMI shielding materials, and long-term stability assessment
of EMI shielding performance) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94908333.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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